A theoretical description of recently published paracetamol adsorption data on a series of non-modified commercial activated carbons is presented. Nineteen of the most widespread adsorption isotherm equations are analysed and the resulting maximum adsorption values compared. The equations proposed by Weber and Vliet, by O'Brien and Myers as well as by Dubinin and Astakhov led to the highest values of the average correlation coefficient describing the fit of the theoretical data to those obtained experimentally. On the basis of the results obtained as well as those published previously, the importance of carbon surface basic groups and carbonyl groups in the mechanism of paracetamol adsorption is emphasised.
INTRODUCTION
Studies of the adsorption of biologically active compounds from aqueous solutions on to carbons have been undertaken by our research group over the past few years (Terzyk and Rychlicki 2000; Terzyk 1999 Terzyk , 2000a Terzyk ,b, 2001 . Our studies have concentrated on paracetamol, an analgesic/antipyretic drug, the results obtained indicating the very important role played by basic surface groups in the mechanism of paracetamol adsorption and diffusion (Terzyk 2000b) .
The aim of the present study was to compare the results of various theoretical analyses on the paracetamol adsorption data. Nineteen of the most popular adsorption isotherm equations applied for the description of adsorption from solution were used for fitting the experimental data for paracetamol adsorption presented previously (Terzyk 1999) . The influence of the carbon surface chemical composition on paracetamol adsorption and diffusion is discussed on the basis of the results obtained in the current study as well as on those presented previously.
EQUATIONS ANALYSED
The paper published by Khan and co-workers (Khan et al. 1997) was the starting point for this study. These authors annotated the most widely used equations describing adsorption from solution.
In the present study, exactly the same notation used by these authors and the same equations have been employed (the numbers in brackets are those taken from the paper published by Khan and coworkers) i.e. BET [equation (1) (11)], Ideal Adsorbed Solution (IAS) [equation (12) ] and the generalised model (GM) [equation (13)] -noting that in the cited paper the operator exp should be added before the terms in brackets both in the numerator as well as in the denominator.
Other equations were also applied in addition, i.e. the Redlich-Peterson (R-Pe) (Redlich and Peterson 1959; Juang et al. 1996) :
where q e and c e are the adsorption and equilibrium concentration as determined experimentally and a R , b R and b are parameters, with the last usually lying between 0 and 1 (Juang et al. 1996) , the Newman (N) (Jossens et al. 1978) : 
where W 1 . . . W 4 are parameters.
Since the majority of equations presented above are mainly empirical, they do not take account of the composite nature of adsorption from solution and the presence of two components in the mixture (except for the Fukuchi model). For this reason, two additional models were also used. Thus, it is well known that the excess adsorption equation can be written (Kipling 1965) as:
where n 1 s(n) is the amount adsorbed, x 1 s is the mole fraction of solute in the adsorbed phase and x l is the mole fraction of solute in the liquid phase. Furthermore, the number of moles of a solute and a solvent in the adsorbed phase (n s ) is a function of the phase composition (Da c browski 1985; Garbacz et al. 1991) . Thus, if one assumes that n s is constant, the differences in molecular size between both components, i.e. solid and solute, can be ignored automatically. However, such differences can be taken into account, allowing one to write (Da c browski 1985; Garbacz et al. 1991) :
where r = (V s /V is the ratio of the molar volumes of solid and solvent, and n s 1,0 is the number of moles of a solid adsorbed by unit mass of an adsorbate in the absence of a solute.
Garbacz and co-workers have also developed the solution analogues of the DR and Freundlich equations (Garbacz et al. 1990) . They have been applied in simplified forms in the present study, assuming that for dilute solutions an equality exists between the activity and the concentration. Thus, the quasi-D-A (qD-A) equation can be written as:
ë è
x l ø û while the quasi-Freundlich (qF) equation may be written as:
where B are constants of the D-A and/or the F equations.
RESULTS

Analysis of the surface carbonyl group content
As will be shown below, the mechanism of paracetamol adsorption is determined by the amount of surface carbonyl groups. Although, in previous papers of this series, the adsorbents studied were characterised using different methods, the concentration of surface carbonyl groups has yet to be determined. To specify the amount of these groups present, the method proposed by Boehm et al. (1964) was applied. Vacuum vessels were used for this purpose, the previously desorbed carbon samples being immersed in C 2 H 5 ONa (obtained by dissolving Na in absolute ethanol) and stirred mechanically. After 3 d, the equilibrated solution was titrated with HCl. The measurement for each sample was repeated at least twice (and for each sample the titration was also performed at least two times). Since it is assumed that all types of acidic carbon surface groups react with C 2 H 5 ONa, the number of surface carbonyls was calculated by subtracting the concentration of surface acidic groups determined previously using HCl (Terzyk 1999) . The concentration of surface carbonyls decreased in the following sequence: 0.573 mmol/g for WD carbon, 0.409 mmol/g for AHD carbon and 0.191 mmol/g for D43/1 carbon, respectively.
General features
The following conditions and parameters were applied in the calculations. The solubility as determined at all studied temperatures using UV-vis measurements was taken from our previous study (Terzyk and Rychlicki 2000) . The models were usually minimised in the equilibrium mole fraction range up to 5 × 10 -4 , i.e. the range corresponding to polymolecular adsorption and/or the formation of a crystalline state (Kipling 1965) was not analysed. All 20 models were fitted to the paracetamol experimental data using the procedure described recently (Gauden et al. 2001) . The goodness-offit was expressed in terms of the correlation coefficient (R 2 ). Equations (6) and (7) were applied as two versions in the calculations. Firstly, it was assumed that r = 1 in equation (5); this implies that both components in the solution possessed the same size. In this case, n s in equation (5) was approximated together with the best fit parameters of equation (6) (in this case denoted as qD-A1) and/or of equation (7) (which was called qF1 in this case). Secondly, differences in the molecular sizes were taken into account. In this case, the value of r can be calculated approximately from the molecular properties. It was assumed that the ratio V s /V is constant and equal to 5.81. The molar volume of paracetamol was calculated applying Fedor's group-contribution method, following the work of Barra et al. (1997) , as equal to 105.4 cm 3 /mol. The values of R 2 obtained are listed in Table 1 (a)-(c) where the models are arranged according to the decreasing average value of R 2 as calculated for all adsorption isotherms and for all temperatures. The parameters obtained for the six best-fitting models are presented in Tables 2-7 . Additionally, Table 8 lists the results of Fukuchi's model (Fukuchi et al. 1982) . This model was applied since it takes into account the presence of two components in the solution. Moreover, from this model it is possible to calculate Wilson's parameters for the interaction between these components. The forms of the equations applied have been listed in the footnotes to Tables 2-8. Figures 1 and 2 present a graphical comparison between experimental and theoretical data for arbitrarily chosen models.
It will be noted that the W-V equation describes the experimental results with the highest precision [Tables 1(a) and 2]. The same situation was observed for the paracetamol data determined on a series of chemically modified D43/1 carbons ). Thus, studies on unmodified as é aC e s 2 aC e (1 -aC e ) ù q e = q 0 ê ------+ ------------ú ë 1 + aC e 2(1 + aC e ) 3 û where q 0 is the maximum adsorption and a and s are parameters. 
where C s is the solubility of the solute (mol/l) and a and b are parameters. where qF1 is given by: = n s (x 1 s -x 1 ) where qD-A2 is given by: = n s (x 1 s -x 1 ) where qD-A1 is given by: 
where L ij are Wilson's parameters for interaction between components 1 and 2 in the adsorbed phase (for ideal solutions they are equal to 1) and Q is the ratio of the number of adsorbed moles to the maximum number of adsorbed moles of solute. H is Henry's constant.
well as modified carbons confirm the applicability of this equation. On the other hand, the W-V formula did not always provide an adequate description of the adsorption data from solution. For example, as shown by Wang et al. (1997) , this equation was unable to describe the adsorption of phenol on coconut-shell granular activated carbon (in the same study, the Langmuir, J and R-Pr models correlated better with the obtained results). The second model which provides a good description of the studied data is the IAS model. The name was proposed by Khan et al. (1997) . They adopted the equation of O' Brien and Myers (1984) developed for the description of gas adsorption on heterogeneous solids. In practice, this equation is of the Langmuir type but with the assumption that the surface and normal energy distribution is heterogeneous (see Table 3 ). Thus, s is the parameter of the Gaussian distribution and a is a constant (if s ® 0, a homogeneous surface is obtained). It should be noticed that for the cases studied here the value of s decreased with an increase in temperature (the surface tended to be more homogeneous) and that the Polish carbons were more heterogeneous energetically than the German carbon. It is well known that this heterogeneity arises from the surface groups as well as from the existence of pores differing in diameter. It was recently concluded (Rychlicki et al. 1999 ) that the porosity as well as the values of the surface fractal dimension are lower for the German carbon than for the Polish ones. Moreover, it was shown that differences between the micropore volumes obtained from a S plots and the D-A equation were greatest for the Polish carbons (Terzyk 1999) and this suggests the presence of a wider distribution of micropores in those carbons. All these observations are confirmed by the DFT pore-size distribution results ( Figure  3 ) calculated from the low-temperature nitrogen adsorption data measured previously (Rychlicki al. 1999; Terzyk 1999) . It should be noted that both Polish carbons possessed a wider pore-size distribution than the German carbon. It should be pointed out, however, that a very strange feature arises from the results obtained from the DFT method. Thus, a bimodal pore structure was observed for all the carbons studied (peak at ca. 0.75 nm and a wide peak at an average diameter of 1.5 nm); it is strange that a similar pore-size distribution was obtained for the three different carbons using this method. On the other hand, application of methods other than the DFT method led to larger differences in the porosity of the carbons studied (Terzyk 1999) . This problem will be studied in a future publication.
The results of the D-A equation (as well as other models) show that the value of the maximum adsorption (q 0 ) increases with increasing temperature (Table 4) . As shown previously, the adsorption of the solvent is small at the highest studied temperatures. This allows the suggestion that the adsorbed phase contains only paracetamol molecules (having the same molar volume as a solid) which leads to micropore volumes of 0.237, 0.221 and 0.282 cm 3 /g for carbons D43/1, WD and AHD, respectively. Figure 4 shows that for the adsorption data on unmodified carbons at all temperatures studied, a linear correlation exists between these volumes and the micropore volume as calculated from the D-A equation [from nitrogen adsorption data at 77.5 K (Terzyk 1999) ]. An interesting observation is that the goodness-of-fit to the line increases with increasing temperature. This confirms the suggestion that the effect of the surface chemical composition on paracetamol adsorption decreases with an increase in temperature (Terzyk 1999; Terzyk and Rychlicki 2000) , mainly because of the decrease in water (solvent) adsorption with increasing temperature. It is interesting to note that the D-A equation can still be applied for the description of adsorption data from aqueous solutions on to carbons (Barton et al. 1997; Eltekova and Eltekov 1994, 1997) .
Another interesting result is obtained from the application of the qD-A2 equation (Table 6 ). Thus, the parameter n s 1,0 increases with increasing temperature, suggesting that not only a decrease in solvent adsorption but also the activated adsorption of paracetamol can cause a change in the shape of the adsorption isotherms observed with increasing temperature. Some other interesting results obtained from the application of the other models studied will be mentioned below. However, it should be noted that the ij quantities in Fukuchi's model are Wilson's parameters for the interaction between components 1 and 2 in the adsorbed phase (for ideal solutions they are equal to 1). This equation is, in fact, a form of the Langmuir adsorption isotherm equation (i.e. assuming that when ij = 1 it reduces to the Langmuir adsorption isotherm equation). The data in Table 8 indicate, however, that Wilson's parameters are different from unity and that the most non-ideal behaviour is observed for adsorption on the AHD carbon.
With the R-Pe equation, in only one case (AHD, T = 310 K) is the parameter b slightly larger than unity (for other cases the values changed in the range 0.325-0.993).
The GM equation was proposed by Khan and co-workers (1997) and is, in practice, a modified Langmuir equation. Moreover, it assumes that the equilibrium concentration of the adsorbate is a function of temperature. In this equation, b is a parameter (if b = 1, the Langmuir model is obtained) and g and d are arbitrary constants describing the effect of temperature on the equilibrium concentration of the adsorbate. For paracetamol adsorption, b increases with an increase in temperature so that the adsorbed phase approaches ideal Langmuir behaviour in terms of the model presented. These results are in agreement with the IAS results presented above.
Comparative analysis of the q 0 values
It has been shown for the series of modified D43/1 carbons ) that the similarity between the maximum adsorption values (q 0 ) obtained from different models depends not only on the type of carbon studied but also on the temperature. Generally, the application of the F-S model yields q 0 values which lie close to the average value obtained from other models. A comparison of the q 0 values led to the conclusion that in most cases the D-A and R-Pr models generate the greatest magnitude. On the other hand, the T and G-M equations lead to the smallest values.
In the case of the carbons studied [i.e. unmodified carbons, see Figures 5-7(a)], such comparison is difficult since larger irregularities occur in comparison to the data obtained for modified adsorbents; however, as in the case of the modified carbons, T usually gave the smallest values while R-Pr gave the largest.
The mechanism of paracetamol adsorption on carbons
Study of a series of modified carbons showed that a correlation exists between the surface content of carbonyl and basic groups and the value of the maximum adsorption as determined at 300 K. As pointed out above, this temperature was chosen since the effect of the surface groups on paracetamol adsorption increases as the temperature decreases (Terzyk 1999; Terzyk and Rychlicki 2000) . Figure 8 shows that the results of the current study lie close to those obtained for the D43/1 carbons, and that the postulated correlation is also valid for different carbons than those studied previously .
Thus the correlation obtained explains the influence of the chemical composition of the carbon surface on the mechanism of adsorption of the paracetamol molecule. Figure 8 also shows that the values of q 0 obtained from different arbitrarily chosen models decrease as the total amount of 'carbonyl' and basic surface groups increases. This result is surprising, especially when account is taken of the widely accepted view that surface carbonyl groups increase the adsorption of phenols through interactions with the benzene ring (Puri et al. 1975; Barton et al. 1997) . Our previous calorimetric and kinetic studies indicate quite clearly the unquestionable role of basic surface groups in paracetamol adsorption (Terzyk 1999 (Terzyk , 2000a (Terzyk ,b, 2001 Terzyk and Rychlicki 2000) and that these groups play a very important role in adsorption on modified as well as on non-modified carbons. The appearance of these groups on the carbon surface leads to an increase in the hydrophobicity of the surface and a simultaneous decrease in the effective diffusion coefficient of paracetamol both with other non-modified as well as modified carbons. Thus these groups interact rather weakly with the solvent. In the case of paracetamol adsorption, they do not evidently increase the extent of adsorption. However, the relative enthalpy of immersion of paracetamol (D 21 h w ) increases with an increase in the content of basic surface groups (c b ) (Terzyk 1999) as:
where a, b and c are constants. The role of carbonyl groups is very interesting with the reduction in the adsorption of paracetamol occurring probably through repulsion between them and similar groups on the paracetamol molecule. It may be postulated that the paracetamol molecule interacts with basic surface carbon sites via the OH group and that the repulsion effect occurs between the CO group of the molecule and similar groups on the surface. The increase in the relative enthalpy of adsorption with an increase in the content of basic surface groups leads to a decrease in the mobility of the adsorbed molecules, although the effect of the increase in adsorption relative to non-modified carbons is not significant as suggested previously (Terzyk and Rychlicki 1999) . In contrast, the increasing content of surface carbonyl groups leads to an increase in repulsive forces and both effects cause a decrease in the value of q 0 .
It is well known and has been shown elsewhere that the main factor determining the adsorption properties of carbons from solution is the chemical composition of the surface rather than the porosity of the carbon [see, for example, El-Nabarawy et al. (1996) ]. The results presented here show that both properties of carbons, i.e. the chemical composition of the surface layer as well as their porosity, play important roles in the adsorption of paracetamol from solution and that temperature is the main parameter of the system which determines the predominant effect.
CONCLUSIONS
A complex study of paracetamol adsorption, including an investigation of different but wellcharacterised carbons performed at different temperatures, together with kinetic and calorimetric studies supported by a theoretical description of the process, has allowed a general mechanism for the adsorption of this drug from aqueous solutions at the neutral pH to be formulated. The effect of pH on paracetamol adsorption as well as on the kinetics of this process will be the subject of forthcoming papers in this series.
